Some time ago we started to investigate the synthesis and supramolecular organization of dendritic amphiphiles that contain fullerenes or calixarenes as core units. [1] [2] [3] Apart from the synthesis of structurally persistent micelles, we were particularly interested in the assembly of functionalized micelles and liposomes in order to direct the aggregation behavior of these species with an appropriate external stimulus. Results from these studies could be useful for the development of drug-delivery systems. Examples of such dendritic amphiphiles include the globular amphifullerene 1, [1] which contains a pair of carboxy-terminated amide dendrons and five dodecyl malonate addends attached to the fullerene core in an octahedral [1:5] addition pattern, and the calixarene derivative 2, [3] which contains analogous hydrophilic and lipophilic units. In amphiphile 1 the space required for the hydrophilic and the hydrophobic areas is balanced whereas the extended chains have free conformational mobility. This ensures a wide spectrum of energetically favorable packing motifs both for the formation of micellar structures and for extended liposomal double layers. The existence of different aggregates was confirmed by electron microscopic investigations. [2a] By contrast, we designed amphiphile 2 as a comparatively rigid T-shaped structure [3] that does not pack to form extended ultrastructures such as liposomes. We demonstrated that the supramolecular organization of 2 yields very small and strongly bent aggregates exclusively, which are the first proven examples of structurally persistent micelles. [3] Each of these C 2 -symmetrical micelles consists of exactly seven molecules of amphiphile 2. The structure was determined by cryogenic transmission electron microscopy (cryo-TEM) and techniques for the three-dimensional reconstruction of single particles at a resolution of 12 . [3] We report here for the first time on amphiphile 3 (see the Supporting Information), whose aggregation in different supramolecular organizational forms may be switched by changing the pH (Figure 1 ). In principle, the aggregation behavior of amphiphilic systems may be studied under quasinative conditions by using combined methods: ultrafast cryogenic fixation of the samples ("vitrification") and direct observation by transmission electron microscopy upon simultaneous sample cooling ( % 120 K). The cooling rates (>10 4 K s À1 ) during sample preparation are so high that molecular reorientation (e.g. formation of ice crystals) is prevented. [5, 6] Ultimately, projection images of the aggregates are obtained by microscopy and thus information about their intrinsic structure is provided.
We examined amphiphile 3 at neutral pH in water (phosphate buffer pH 7.2) by these methods and found predominantly rod-shaped aggregates with a double-layer ultrastructure (Figure 2 a) . The diameter of these rods is 65 AE 5 ; the length is strongly variable and exceeds the diameter considerably. In addition, a few globular aggregates with a diameter of 85 AE 10 were found. When the pH of the neutral solution was increased to roughly 9 (borate buffer pH 9.2), those globular micelles with a diameter of 85 AE 10 were found exclusively (Figure 2 b) . Interestingly, apart from variations in diameter these globular micelles show a distinct internal structure. By analogy to our investigations on micellar structures of amphiphile 2 [3] we considered the structural motifs of the globular micelles to be an indication of structural persistence. Accordingly, each individual structure should represent a distinct spatial orientation of the aggregate. Thus, it should be possible in principle to determine the three-dimensional organization from the image data; variations in the diameters would arise from the aggregates different orientations. By using the reconstruction techniques described earlier [3] (alignment, classification, angular reconstitution) (Figure 3 a) , we calculated the three-dimensional structure for the globular micelles of 3 (Figure 3 b) . The successful reconstruction is evidence that the spatial molecular organization of the aggregates is identical within the achieved level of resolution ( % 5000 individual aggregates were randomly extracted from the microscopic data).
To determine the possible molecular organization in the aggregates, we undertook a visual three-dimensional fitting of molecular models of 3 into the reconstructed 3D density map (Figure 4 a and b) . Based on a simulated conformation of 3 in its completely deprotonated form (Figure 1 c) (generated with the program Tinker [7] ), the globular micellar structure may be For clarity, the alkyl chains are not depicted. b) Dendrons partially protonated. According to earlier titration measurements on LB films, a pK a of 7.5 is found for the chemically related dendrimer 1.
[2b] Accordingly, the simulation of 3 at pH 7.2 has been carried out by using eight negative charges (of a total of possible 18). c) Dendrons completely deprotonated (18 negative charges). constructed from eight molecules in a C 2 -symmetrical arrangement. The molecular organization of this aggregate may be described best by considering two planar U-shaped structures consisting of four molecules each. These are displaced by 90 o along the longitudinal axis with respect to their open ends; however, they are not inserted completely into each other ( Figure 4 c and d ). This molecular organization ensures a nearly spherical shape overall and thus very efficient shielding of all hydrophobic molecule parts from the aqueous environment. As was the case for the structurally persistent micelles derived from calixarene 2, the innermost core area of the micelle formed by the hydrophobic alkyl chains is not reproduced in the reconstruction. Since individual chains do not assume a spatially defined conformation but are more or less arranged in a statistical way, this part of the aggregate is averaged out as a result of the statistical principles of the applied reconstruction method. Only the head groups, which are located easily due to the high-contrast fullerene entity, prove to be sterically persistent, thus yielding the found structural pattern.
The molecular structure of 3 encodes a supramolecular behavior representing a combination of supramolecular properties of 1 and 2. On the one hand, and similar to 1, the spatial demands of the hydrophilic and hydrophobic areas are well-balanced. On the other hand, and similar to 2, the dendritic branches are linked by amide rather than ester linkages, resulting in enhanced rigidity. The significant structural change when the pH is lowered may be explained by electrostatic repulsion of the completely deprotonated carboxy groups, and enhanced solvation is a secondary effect. Accordingly, we may assume that at neutral pH the electrostatic repulsion is reduced as a consequence of partial protonation. This causes reduced solvation, which in turn leads to much closer packing as is evidenced by the smaller diameter of the rods relative to that of the globular micelles. Figure 1 b shows the corresponding result of a conformational simulation of 3 in aqueous environment at neutral pH. The fact that the rod diameter is constant throughout suggests that the three-dimensional organization must be based on a circular-shaped cross-sectional area. Based on the dimensions and density profile, a double-layered molecular arrangement in a micellar cylinder can be visualized. According to this motif an appropriate radius of curvature of ca. 65 can be modeled by using approximately eight molecules. The corresponding model is depicted in Figure 5 .
We have demonstrated that by suitable substitution structurally persistent aggregates may be generated in a reproducible way. This opens up perspectives for the systematic investigation of the parameters responsible for aggregate formation. Fundamental investigations on the stability of the aggregates, in particular tolerance of chemical modification and functionalization of the head group, might form the basis for the synthesis of tailor-made transport systems. These may have potential for the selective deposition of drugs in living organisms. 
